It is known that sodium concentration in both cerebrospinal fluid (CSF) and brain interstitial fluid (ISF) increases during migraine. However, little is known regarding the underlying mechanisms of sodium homeostasis disturbance in the brain during the onset and propagation of migraine.
Introduction
Migraine is ranked among the top five causes of disability in the world [1] . Although the exact underlying causes of migraine are not known, common triggers of migraine include dehydration, stress, sleep disorders, hunger, etc. Understanding the pathophysiology of migraine is challenging because migraine triggering is different for everyone. Many of the triggers of migraine change the sodium balance in the brain. Previous animal and human studies [2] [3] [4] have revealed that migraine sufferers have higher levels of cerebrospinal fluid (CSF) and brain interstitial fluid (ISF) sodium than control groups, while there is no significant difference between plasma concentration of sodium in migraineurs and healthy controls. Previous studies have indicated that elevated levels of ISF sodium increase neuronal excitability [5] , which subsequently results in migraine [6] . It has been suggested that the high levels of CSF and ISF sodium concentrations in migraineurs are due to a disturbance in the homeostasis of NKATs on the choroid plexus (CP) and brain capillary endothelial cells (CEC) [7] . NKATs are highly-conserved membrane proteins which are expressed in all cells. NKATs, which consume approximately 50% of the energy in the brain, maintain the physiological sodium and potassium electrochemical gradients across the cell membrane. An NKAT pumps 3 sodium ions out of the cell for every 2 potassium ions entering the cell.
Overactivity of CEC and CP NKATs can increase the rate of sodium transport from plasma to the CSF and ISF. However, the extent of contribution of CEC and CP NKATs to the elevated CSF and ISF sodium concentrations has yet to be determined. Experimental study of the roles and significance of various NKATs in regulating ISF and CSF sodium levels is challenging because NKAT activity levels can be affected differently in response to various migraine triggers, as well as in response to the same migraine trigger from rat to rat. In this work, we use mechanistic modeling together with global sensitivity analysis (GSA) to deal with this uncertainty and lack of information. We develop a mathematical model to study the dynamics of sodium distribution in the brain following a perturbation in the activity levels of CEC and CP NKATs. Our model consists of four compartments: the ventricular system, subarachnoid space, brain tissue and plasma. We perform a GSA to assess the significance of CP and CEC NKATs in controlling sodium concentrations in the ISF and ventricular CSF. Our results reveal that the permeability coefficient of the CP to sodium is a more sensitive model parameter than the permeability coefficient of CEC to sodium.
The computational model presented in this study can not only shed light on the dynamics of sodium exchange between CSF, ISF and plasma, but also can be used to simulate the effects of different migraine triggers on NKATs and subsequently on sodium distribution in the brain. To accomplish such a task, further biological information regarding the variations in the functions of NKATs during an episode of migraine is needed.
Methods

Model Development
We modeled a rat's brain by three concentric spheres representing the ventricular system, brain tissue and subarachnoid space ( Fig. 1 ). Brain tissue was modeled as a single compartment. We assumed that blood vessels are distributed randomly, following a uniform distribution, throughout the brain tissue [8] [9] [10] [11] . The inner sphere, which represents the ventricular system, includes the CP. CSF is secreted by the CP, flows into the ventricular system, and then passes through small openings (foramina) into the subarachnoid space where it is absorbed through blood vessels into the bloodstream. For simplicity, in our model we have assumed that the CSF secretion rate is equal to the CSF absorption rate from the subarachnoid space to the plasma. We have also assumed that sodium can be freely exchanged between the ISF and the CSF at the interface of brain tissue and the ventricular system, and at the contact surface of the subarachnoid space and brain tissue (dashed circles in Fig. 1b ). This is due to the negligible permeability barrier of the contact surfaces. Sodium is also exchanged between plasma and the ISF through CEC, and can also diffuse in the brain ISF down its concentration gradient.
Formulation of the model
Ventricular and extracerebral sodium concentrations were modeled by ordinary differential equations (ODEs) represented by Eqs. 1-2, while the variation of sodium concentration across brain tissue was modeled by a partial differential equation (PDE), represented by Eq. 3.
where , , and represent ventricular sodium concentration, extracerebral sodium concentration, plasma sodium concentration and sodium level in brain tissue, respectively. , and are expressed in mole ml −1 , while is defined as moles of sodium per gram of brain (mole g −1 ). The ISF sodium concentration (mole ml −1 ) was estimated by [8] . The model's parameters are defined in Table 1 . The parameters and , which specify the boundaries of brain tissue ( Fig. 1b ), were obtained via the relationships 
where and represent the ventricular system volume and brain tissue volume, respectively.
The terms on the left-hand side of Eqs. 1 and 2 represent the rate of change of sodium concentration (mole ml −1 ) in the ventricular and extracerebral CSF, respectively, while the term on the left-hand side of Eq. 3 represents the rate of change of sodium level (mole g −1 ) in the brain tissue. The four terms on the right-hand side of Eq. 1 represent sodium transport from the plasma to the ventricular CSF, sodium transport from the ventricular CSF to the plasma, sodium exchange between the ventricular CSF and the brain tissue, and sodium loss from the ventricular system due to bulk flow of CSF from the ventricular system to the subarachnoid space, from left to right, respectively. The three terms on the right-hand side of Eq. 2 denote sodium exchange between the extracerebral CSF and the brain tissue, sodium input to the extracerebral CSF due to the bulk flow of CSF, and sodium loss from the subarachnoid space due to CSF absorption into the plasma, from left to right, respectively. The three terms on the right-hand side of Eq. 3 represent sodium transport from the plasma to the brain ISF, sodium transport from the brain ISF to the plasma, and diffusive transport of sodium across the brain tissue, from left to right, respectively.
The initial conditions for the ODEs (Eqs. 1-2) are given by = = 145 mM. (6) We have also assumed that is 140 mM at steady state.
Rates of exchange of sodium at the boundaries of Eq. 3 are defined by = ( − ( , ) ) =
= ( − ( , ) ) . = (8) We used large values for and due to the negligible permeability barrier of the contact surfaces to sodium. Thus, the ISF sodium concentration is approximately in equilibrium with ventricular and extracerebral sodium concentrations at the interface of brain tissue and CSF. and represent the contact surface area of the brain tissue and the ventricular system, and the contact surface area of the brain tissue and the subarachnoid space, respectively. The contact surfaces were modeled as concentric spheres with the radiuses of and ( Fig. 1 ).
Equation 3
was coupled with Eq. 1 and Eq. 2 at the boundaries of brain tissue ( = and = ), using Eq. 7 and Eq. 8, respectively. Unknown Subarachnoid space volume 0.2 (ml) [8, 12] Ventricular system volume 0.1 (ml) [8, 12] Brain tissue volume 1.1 (ml) [13] CEC permeability to sodium (from blood to ISF) CSF flow rate 3.6 × 10 −5 (ml s −1 ) [8] Permeability coefficient of the contact surface of brain tissue and ventricular system to sodium 10 6 (cm s −1 ) A large value was used Permeability coefficient of the contact surface of brain tissue and subarachnoid space to sodium 10 6 (cm s −1 ) A large value was used ISF/brain volume fraction 0.2 (dimensionless) [8, 15] Rat brain density 1 (g ml −1 ) [8] ′ and ′ were calculated assuming that the CSF sodium level is in equilibrium with the ISF sodium concentration at t=0 (steady state):
This assumption implies that there is no sodium exchange between the CSF and the brain tissue at the two contact surfaces of brain tissue and CSF at t=0 [16, 17] .
To solve the system of differential equations described by Eqs 1-3, we discretized Eq. 3 with respect to the variable using the central difference approximation, and we approximated the time derivatives via backward differences. The main advantage of this fully implicit scheme, a.k.a.
backward time central space (BTCS), is that it is unconditionally stable.
In the next section, we perform a local sensitivity analysis to investigate how an increase in and affects brain and CSF sodium concentrations. We also perform a global sensitivity analysis
(GSA) to further analyze the significance of and variations in controlling the levels of sodium in the CSF and brain tissue. Compared with local sensitivity analysis, which assesses the local impacts of variations of the model's parameters on the model's output, GSA assesses how the uncertainty of the model's output is apportioned to variations in multiple model inputs. Using GSA, we compare the importance of and in controlling brain tissue and CSF sodium concentrations, while we take into account the inter-subject variability in all of the model's parameters. We use a MATLAB toolbox for GSA, called SAFE [18] . We perform Sobol's sensitivity analysis, which quantitively ranks the relative importance of the parameters by decomposing the model's output variance into the contributions associated with each model's input. Sobol's method which has been widely applied to complex systems biology and pharmacology models [19] [20] [21] [22] [23] [24] , calculates the first-order and total-effect sensitivity indices for each model parameter. The first-order indices ( ) measure the individual contributions of each input to the variance of the model output, while the total-effect indices ( ) represent the total contribution of the input, including its first-order effect and all higher-order interactions (see Supplementary Information for details).
Results
It is believed that disturbed homeostasis in CEC and CP NKATs plays an important role in the initiation of migraine [7] . Increased activity of CP and CEC NKATs enhances sodium transport from blood to CSF and ISF. Overactive NKATs were modeled by elevated and in our model. Figure 2 shows the variations in ISF, ventricular and extracerebral CSF sodium concentrations after a 20% increase in . Sodium starts to diffuse from blood to ventricular CSF after increasing the permeability of CP to sodium ( Fig. 2a ). We assumed that sodium exchange between plasma and CSF does not change plasma concentration of sodium significantly due to the large volume of plasma compared to CSF.
Thus, remains unchanged after changing the permeability coefficient of CP to sodium. Elevated levels of sodium in the ventricular CSF lead to diffusion of sodium from CSF to ISF and distribution of sodium into the brain tissue over time ( Fig. 2c ). Sodium moves by bulk flow of CSF from the ventricular system to subarachnoid space where it can be exchanged between CSF and ISF. Extracerebral sodium concentration increases after increasing the permeability coefficient of CP to sodium, while this increase is less than the observed rise in ventricular sodium level ( Fig.   2b ). Figure 2 demonstrates that the ISF sodium concentrations at the contact surface of brain tissue and the ventricular system, and the contact surface of brain tissue and the subarachnoid space, are almost in equilibrium with the ventricular and extracerebral sodium concentrations, respectively. This is due to the negligible permeability barrier of the contact surfaces to sodium. However, sodium distribution across the brain tissue varies over time and space ( Fig. 2c ). Supplementary animation 1 shows the variations of ISF, ventricular and extracerebral sodium concentrations within 2 hours after perturbation of .
A 20% increase in CEC permeability to sodium enhances sodium transport from plasma to the ISF (Fig. 3c ). The elevated levels of sodium in the ISF increases sodium transport from the ISF to the ventricular system and subarachnoid space ( Fig. 3a-b ). Supplementary animation 2 shows timedependent changes in the ISF, ventricular and extracerebral sodium concentrations within 2 hours after increasing by 20%. Figure 4 shows sodium flux between the ISF and CSF at the interface of the brain tissue and the ventricular system and at the contact surface of the brain tissue and the subarachnoid space, after increasing or by 20%. Our results indicate that sodium flux from the ventricular system to the brain tissue is higher than sodium flux from the subarachnoid space to the brain tissue. (Table 1) .
Following a uniform distribution, we sampled 10 5 sets of parameters within their ranges of variability, which characterized different rats of the same type. We then calculated the dependent parameters, i.e. ′ and ′ for each set of parameters, assuming that the model is at steady state at t=0. We then assumed that and can change within 50% of the physiological values due to migraine triggers. We performed a GSA to investigate the significance of variations of and in controlling ventricular sodium concentration during episodic migraines. The model output was defined as the percent change of total ventricular sodium concentration within 2 hours after perturbations of and :
Model Output=
Our results indicate that the variation of is much more important than that of in controlling ventricular CSF sodium concentration ( Fig. 5 ). Total-effect sensitivity indices, which account for total contribution of the inputs to variations in the model response, should be used to compare the significance of the model inputs in controlling the model output. has a larger than , which shows is a more influential parameter in the model. Total-effect sensitivity indices of some of the parameters are smaller than 0.01 (Fig. 5 ). This means that the variations of these parameters do not influence the variance of the model output significantly; thus these parameters can be fixed at arbitrary values within their ranges [25, 26] . Figure 6 demonstrates the rank order of the model parameters when the model output was defined as the percent change of total extracerebral sodium concentration within 2 hours after perturbations of and :
.
Our results indicate that is the most sensitive parameter in controlling extracerebral sodium concentration ( Fig. 6 ). is the second most sensitive parameter in the model. The fact that is more important in influencing extracerebral sodium concentration than ventricular sodium concentration (Figs. 5-6) is because variations in not only can affect sodium exchange at the contact surface of extracerebral CSF and brain tissue, but also can influence sodium exchange between the ventricular system and brain tissue, thus affecting the amount of sodium entering the subarachnoid space from the ventricular system. Figure 6 We also performed a GSA to identify the influential parameters when the model output was the percent change in total concentration of brain sodium after 2 hours of perturbations of and :
Model Output= Our results indicate that is the most sensitive model parameter in controlling brain sodium levels, followed by ( Fig. 7) . This result implies that sodium exchange between CSF and brain tissue at the contact surface of the ventricular system and brain tissue, as well as at the contact surface of the subarachnoid space and brain tissue can significantly influence brain sodium levels during migraines. Our findings reveal that the variations of affect the brain tissue sodium levels and extracerebral sodium concentrations more than the ventricular sodium concentration ( Figs. 5-7) .
To further investigate the dynamics of sodium exchange between the CSF and ISF at the interface of brain tissue and the ventricular system, and at the contact surface of brain tissue and subarachnoid space during an episode of migraine, we randomly sampled 10 5 sets of parameters, Figure 8 shows the ratio of to for the 10 5 randomly sampled parameters.
Our results indicate that the ratio of to is greater than 1 for the majority of the samples, which indicates that the absolute sodium flux at the interface of the ventricular system and the brain tissue is greater than the absolute sodium flux at the contact surface of the subarachnoid space and the brain tissue. 
Discussion
Previous studies [2, 3] have indicated that migraine sufferers have higher levels of CSF and ISF sodium than the control group. However, plasma levels of sodium remain unchanged during migraine [2] . Under the hypothesis that these elevated levels are due to variations in the activity levels of NKATs on the epithelial cells of the CP and/or on the endothelial cells of brain capillaries, we investigated the significance of variations of the activity levels of NKATs in controlling CSF and ISF sodium concentrations. In this regard, first we developed a computational model for sodium exchange between different brain compartments, i.e. plasma, brain tissue, ventricular and extracerebral CSF. The model presented in this paper is similar in many respects to that of Smith and Rapoport [8] . However, there are two major differences between our model and theirs. First, our model includes the ventricular system and subarachnoid space as separate compartments.
Thus, our model can distinguish between the ventricular and extracerebral CSF, as well as provide insight into the dynamics of sodium exchange between the CSF and ISF at the interface of brain tissue and the ventricular system, and at the contact surface of brain tissue and the subarachnoid space. Second, we have proposed a more realistic model of brain tissue compared to previous studies [8, 11, 27] . Unlike previous studies that modeled brain tissue as a rectangular sheet bathed on two opposite sides by CSF, we modeled brain tissue as the area between two concentric spheres.
In our model the contact surface area of the brain tissue and the subarachnoid space is larger than that of the brain tissue and the ventricular system. Thus, sodium exchange between the CSF and brain tissue at the two contact surfaces, as well as sodium diffusion in the brain ISF were modeled more accurately in this paper than in previous studies. We assumed that there is no rate-limiting diffusion between the CSF and brain ISF at the two contact surfaces of the CSF and ISF. This results in instantaneous equilibrium between CSF sodium concentration and ISF sodium concentration at the contact surface of brain tissue and CSF [8] . We also ignored sodium transport between the CSF and ISF via convection due to the small flow rate of CSF from the ventricular system and the subarachnoid space to the brain ISF, as compared to the CSF flow rate from the ventricular system to the subarachnoid space, and the CSF elimination rate in the subarachnoid space [28, 29] .
We performed a global sensitivity analysis to compare the significance of CP and CEC NKATs in controlling CSF and brain sodium levels. The effects of variations in the activity levels of CP and CEC NKATs were modeled as changes in the permeability coefficients of CP and CEC to sodium.
Our simulation results indicate that the variation of is more important than that of in controlling CSF and ISF sodium concentrations. Our results were obtained using GSA, which gives us some insight into the importance of and in controlling CSF and ISF sodium by covering the entire parameter space, where all model parameters can vary within the specified ranges. Thus, in a rat model, the intrinsic variations between a population of rats of the same type were considered in this work.
This study has some limitations. First, we compared the importance of variations of the activity levels of CP and CEC NKATs in controlling ISF sodium concentrations. This is because altered ISF sodium levels can induce neuronal excitability and can cause migraine. However, the pathophysiology of migraine is not fully known, and migraine can have different triggers. Various Second, for simplicity, we modeled the rat brain with three spheres. However, the geometry of a rat brain is much more complicated. A more realistic model of the brain and ventricles can provide a better understanding of the phenomenon under study. Third, we modeled the CSF with two wellmixed compartments, i.e. the ventricular system and the subarachnoid space. However, CSF flows through the lateral ventricles, the third ventricle, the cerebral aqueduct, the fourth ventricle, the cisterns and the subarachnoid space. Sodium concentration can vary slightly to significantly from one ventricle to another one and to the subarachnoid space. Thus, the current model can be improved to include all of the ventricles and subarachnoid space as separate compartments. To do this, further information regarding the dynamics of sodium transport between different ventricles and adjacent brain tissues is needed. Next, for simplicity in this model we estimated the ISF sodium concentration by . This implies that the intracellular sodium concentration reaches equilibrium with the extracellular sodium concentration at a time scale equal to or smaller than the time scale of sodium diffusion in the ISF [8] . In other words, the ratio of extracellular sodium concentration to intracellular sodium concentration remains unchanged at any time after perturbation of and . The dynamics of sodium exchange between the brain cells and the ISF can be better understood by adding the brain cells as a new compartment to the current model. Our model can be expanded to include brain cells once more information becomes available regarding the permeability coefficients of brain cells to sodium. Finally, we perturbed and at t=0 and kept them unchanged during the experiment time (2 hours 
Conclusions
Our theoretical mechanism for migraine implies that a disturbance in brain sodium homeostasis causes migraine. This sodium dysregulation is most likely due to overactivity of NKATs on the CP and CEC. Unfortunately, understanding migraine pathophysiology is difficult, not only because migraines have different triggers in different people, but also because the effects of various triggers on activity levels of CP and CEC NKATs are not known. To approach this problem, we used mechanistic modeling together with global sensitivity analysis (GSA) to assess the relative importance of CP and CEC NKATs in controlling CSF and ISF sodium concentrations. GSA provides insight into the significance of CP and CEC NKATs in regulating brain sodium concentration when the exact extent of overactivity of CP and CEC NKATs is unknown. Our simulation results show that CP NKATs are more important than CEC NKATs in controlling ISF and CSF sodium concentrations. It is important to note that our results were obtained using GSA which covers the entire region of parameter space. However, it might be possible that for a specific migraine trigger, CEC NKATs contribute more than CP NKATs to the regulation of CSF and/or ISF sodium concentrations. In summary, this study suggests that correcting the altered homeostasis of CP NKATs can potentially normalize brain sodium dysregulation and subsequently treat most migraines with various triggers. This prediction needs to be verified experimentally for various types of migraines. The model presented in this study can guide the design of further experimental studies, as well as provide insight for further computational studies. 
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Supplementary Information Global Sensitivity Analysis
In this work, we used a MATLAB toolbox called SAFE [18] to perform a global sensitivity analysis (GSA). SAFE implements several GSA methods such as the Elementary Effects Test, According to Sobol's method, the first-order sensitivity index for each parameter is given by Based on Sobol's approach, the necessary and sufficient condition for parameter to be a noninfluential factor is = 0. However, previous studies have indicated that a parameter can be considered noninfluential if its total-effect sensitivity index is smaller than 0.01, and significantly smaller than total-effect sensitivity indices of the rest of the parameters [25, 26, 30, 31] . shown in blue, is subarachnoid space. The white region between two dashed circles is brain tissue. Blood vessels, shown in red circles, are distributed uniformly in the brain tissue. The CP is depicted by a green ellipsoid. Numbers in the figure specify the types and locations of sodium transport: 1. capillary-brain transport; 2. free exchange between CSF and ISF; 3. blood-CSF exchange at the CP; 4. diffusive transport across brain ISF. . Comparison of sodium flux at the interface of the brain tissue and the ventricular system with sodium flux at the interface of the brain tissue and the subarachnoid space after increasing (a) and (b) by 20%. The positive sign of the flux indicates that sodium is diffusing from the CSF to the brain ISF, while the negative sign indicates that sodium is diffusing from the brain ISF to the CSF. Figure 8 . The ratio of absolute sodium flux at the interface of the ventricular system and the brain tissue ( ) to absolute sodium flux at the interface of the subarachnoid space and the brain tissue ( ). 10 5 points were sampled randomly following a uniform distribution to generate this Figure. 
